A theoretical description of aqueous hydration in the minor groove of a B-form DNA is presented on the basis of a liquid-state Monte Carlo computer simulation on a system consisting of the oligonucleotide duplex d(CGCGAAT-TCGCG)-d(GCGCTTAAGCGC) in a canonical B-form together with 1777 water molecules contained in a hexagonal prism cell and treated under periodic boundary conditions. The results are analyzed in terms of solvent density distributions. The calculated minor-groove solvent density shows considerable localization, indicative of discrete salvation sites and providing theoretical evidence for a well-defined ordered water structure. In the AATT sequence, this corresponds to the "spine of hydration" described by H. R. Drew and R. E. Dickerson [(1981) J. Mol. Biol. 151, 535-556] based on the x-ray crystal structure of the dodecamer hydrate. We find, however, that the calculated ordered water structure also extends into the CGCG flanking sequences, supported by the N2 hydrogen bond donors of the guanine residues and indicating that the spine of hydration could thus extend throughout the minor groove of a B-form DNA. This provides a possible explanation of the positive binding entropies observed by L. A. Marky and K. J. Breslauer [(1984) Proc. Natl. Acad. Sci. USA 84, 43594363] for both A-T and C-G sequences on the complexation of netropsin to the minor groove of DNAs. Implications of these results with regard to the thermodynamic stability of DNA in water and the sequence specificity of the minor groove hydration are discussed.
The DNA molecule is now well known to exist in a variety of conformational families, both right-handed (A, B, C, D, etc.) and left-handed (Z,, Z,,) helical duplexes (1) . The relative stability of the various conformational forms of DNA is observed to be highly sensitive to environmental effectsi.e., hydration and ionic strength. Hydration, dehydration, and reorganization of the ion atmosphere are also important in the thermodynamics of protein binding to DNA and in drug-DNA interactions (2) . Whereas a considerable literature on the environmental effects on DNA exists (1), our knowledge of detail at the molecular level is fairly sparse. Our principal source of information to date comes from the positions of ordered water molecules observed in x-ray crystallography of DNA oligonucleotides (3) . Particularly, the dodecamer duplex d(CGCGAATFCGCG)-d(GCGCTT-AAGCGC) has been found by to crystallize as a hydrate in the B-form of DNA, which corresponds closely to the Watson-Crick double helix and features a distinct parallel groove motif, alternating wide (major) with narrow (minor). Although the amount of water that turned out to be crystallographically ordered is small (-25%), interesting and provocative features of the hydration emerged, as discussed in detail by Drew and Dickerson (ref. 7 , but see also ref. 8). In particular, an ordered water structure was discovered in the minor groove of the AATT region. It has been indicated that this so-called "spine of hydration" was specific to A-T-rich tracts, where the N-3 atom of adenine and the O2 atom of thymine are readily available as hydrogen bond acceptors in interactions with water molecules. The N2 donor group on guanine has been thought to disrupt the spine, but hydration of the COG region of the dodecamer was blocked in the crystal by a spermine ion and by helix-helix packing and thus was not observed.
The spine of hydration has been subsequently considered (9) to be a central stabilizing feature of the B-DNA structure, and that disruption of the spine as by dehydration would effect a conformational change to the A-or Z-form, depending on sequence and other environmental conditions. Sequences rich in A-T base pairs are known to preferentially stabilize B-form DNA (10) , and the spine of hydration has provided a possible explanation (9) . Further evidence for the stabilizing nature of the spine comes from an experiment based on CD spectra, whereby an A-form calf thymus DNA in complex with the minor groove binding molecule netropsin is pulled into a B-like form (11) . Thermodynamic binding studies by Breslauer and coworkers (12, 13) (Fig. 1) under periodic boundary conditions, and thus comprise a representation of a dilute aqueous solution or the aqueous hydration of the dodecamer. The volume of the system was taken to be consistent with an environmental density of 1 gm/ml and the temperature was 298 K. The configurational energies of the system were evaluated under the assumption of pairwise additivity by using atom site potentials, the TIP4P function was developed by Jorgensen et al. (18) for water-water interactions, and TIP4P was spliced with the coulomb and van der Waals terms in the AMBER FF2 force field of Weiner et al. (19) for water-solute interactions. A spherical cutoff at 7.5 A was applied in the evaluation of water-water interaction energies, and solute-water interactions were
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. treated under the minimum image convention. A somewhat similar approach to potentials for this system was used earlier in a molecular dynamics simulation on the dodecamer by Seibel et al. (20) . Electroneutrality was established by uniformly scaling the nucleic acid charges. This was found to alter any single atomic charge only in the second decimal place, so that the phosphate group remains substantially electronegative, ca. -0.8 atomic units of charge. The simulation was first allowed to proceed for 1,500,000 configurations of equilibration, and the ensemble averages were formed over the next 1,500,000 configurations of the realization. Force bias (21) and preferential sampling (22) were applied to accelerate the Monte Carlo convergence (23) . All calculations were carried out on the Cray X-MP/48 supercomputer at the Pittsburgh Supercomputer Center, at a sampling rate of =100,000 configurations per hr. Files were returned locally for display and analysis on an Evans and Sutherland PS-350 color graphics unit by using the comprehensive molecular graphics program "DOCK" (24) .
A full description of the aqueous hydration of our model dodecamer is possible from this simulation. Detailed analysis on first-shell solvent coordination, on solute-water pair interaction, and on solute binding energies as well as solvent density distributions, all partitioned by using the proximity criterion (25, 26) into contributions from the major groove, minor groove, and sugar-phosphate backbone of the DNA will be presented elsewhere (P.S.S. and D.L.B., unpublished results). The solvent density plots for the minor groove of the dodecamer have revealed a considerable amount of particular detail relevant to the nature of the spine of hydration and are thus particularly reported and discussed herein. All results are subject to the approximations in our calculations, particularly the choice of canonical B-form for the dodecamer, the assumed intermolecular potential functions, and implicit treatment of counterions.
RESULTS AND DISCUSSION The solvent density in the minor groove is depicted for presentation here as the linear superposition of 16 individual configurations (snapshots) collected at equally spaced intervals along the production segment of the Monte Carlo realization. Water molecules found within the first-shell radii of the N-9, C-4, N-3, C-2, and N-1 atoms of adenine, of the N-3, 02, and N-1 of thymine, of the N-9, C-4, N-3, C-2, and N2 of guanine, and of the 02 and N-1 of cytosine were assigned as the first coordination shell of the minor groove. A second shell comprised of all water molecules forming a primary coordination to first-shell waters was defined to further elaborate the minor-groove hydration. Proximity analysis turned up -50 waters of hydration in the minor groove of the dodecamer, 12 primary and 38 secondary with respect to the bases.
The calculated solvent density in the minor groove of the duplex of our model d(CGCGAATTCGCG) dodecamer is shown in Fig. 2 system. The important information conveyed by this figure is the clustering of points, indicating the concentration of solvent density in that region. The calculated minor-groove solvent density for the model dodecamer (Fig. 2) shows considerable localization and provides theoretical evidence for the existence of discrete hydration sites in the minor groove and for the existence of a well-defined ordered water structure in this region corresponding to Dickerson's observed spine of hydration.
The nature of the calculated spine is further revealed by a display of waters in the first shell of the minor groove and the nucleotide bases of the dodecamer (Fig. 3) . The first-shell coordination consists of water molecules hydrogen bonded to the polar atoms along the floor of the minor groove, and more or less situated in the plane of the nucleotide base pairs. By contrast, the first-shell waters in the crystallographic spine of hydration were found to bridge the 0 and N atoms of successive base pairs. Some discrepancies in the calculated and observed results are expected due to the difference between the canonical B-form and the crystallographic dodecamer structure as well as the approximations inherent in the intermolecular force field. The preferred calculated hydration site for an A-T base pair turns out to be the adenine N-3 acceptor site. In the C-G region the guanine N2 donor site is clearly favored over. the cytosine O2 acceptor site. The localization of solvent density is a bit more pronounced in the C G than in the APT region, reflect-0 to~~~i ng the more demanding geometrical restrictions of a donor compared with an acceptor site on the solute (28) . The calculated spine of hydration can be traced out by following the hydrogen-bonded water network up the minor groove. The calculated spine, as in the crystal structure, is not just a first-shell entity but involves for the most part an alternation of first-shell and second-shell water molecules of the minor groove. This can be more clearly seen in Figs. 4 and 5, where snapshots of the hydration of the minor groove are shown in molecular detail with the nucleic acid "trellis" removed. Note that once the second shell is involved the spine is not necessarily a single path, but an incipient water network in which the motif of tetrahedral coordination characteristic of liquid water coordination is quite discernible. This point was noted in the discussion of the crystal structure as well (ref. 7 , but see also ref. 8) , even though some of the participating waters were crystallographically disordered and thus not observed. The water network in the C-G region (Fig. 5) shows some interesting water polygons of order 4 and 5.
An important result from our calculation is the extent to which the C G as well as the APT region can support an ordered water structure in the minor groove. We find the COG region, with the floor of the minor groove lined with A cautionary note on the relationship of the spine of hydration to themodynamic stability of the DNA duplex has been aired by our group (29) . We pointed out that ordered water in the minor groove may be in an energetically favorable state but is entropically unfavorable [enthalpy-entropy compensation (30) ] and that more disordered water in the major groove, quite capable of favorable energetics, could well be as important to the stability of B-DNA as the minor-groove spine of hydration. At this point we must emphasize that the spine of hydration as observed crystallographically and as calculated as described herein, is a structural entity for which the corresponding energetics are not unequivocally established.
In conclusion, we note with considerable interest the extent of localization of the calculated hydration sites in the A-T and G-C regions found in the simulation and also the difference in penetration of the groove waters into DNA for A-T and C-G base pairs. This raises another potentially interesting thermodynamic issue, the extent to which ordered water structure in DNA is sequence dependent. A particular sequence that supports an unusually ordered water structure could be particularly favorable for binding substrate due to the extra entropy increase on desolvation, providing an additional entropic drive to the binding free energy (27) . We believe that the present calculations and results indicate that further theoretical and experimental investigation of this idea would be worthwhile. 
